Introduction
Demand for high quality steel product is continuously strong. In a continuous casting process, the molten steel is poured into the mold through the submerged entry nozzle that is set in the center of the mold. Mold powder is put on a meniscus as a thermal insulator, a lubricator of the mold wall and an adsorbent of impurity. Argon gas is also sent through the nozzle to prevent clogging. Controlling the meniscus molten steel flow in a mold is one of the keys to good quality of the slab, because the impurities are sometimes trapped from the meniscus. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The molten steel flow in a mold is classified into two patterns. One is a double roll flow pattern and the other is a single roll flow pattern. [12] [13] [14] In the double roll flow pattern, the molten steel flow from the nozzle goes to the narrow side of the mold. Then, some flows upward and some flows downward. At the meniscus the molten steel flows from the narrow side of the mold to the nozzle. Normally, the double roll flow pattern appears when the molten steel throughput is high or the mold width is narrow. In this case, mold powder is sometimes trapped by the strong meniscus flow or meniscus level fluctuation, which causes the surface defects. On the other hand, when the molten steel throughput is low or the mold width is wide, the molten steel accompanies ascending argon gas near the nozzle and the molten steel flows from the nozzle to the narrow side of the mold at the meniscus. It is called a single roll flow pattern. When the flow pattern is a single roll flow pattern, molten steel flow from the nozzle does not reach the narrow side of the mold and the temperature drops at the mold corner of the meniscus. Then, the slab corner might be cracked or the impurity might be captured in the molten steel, which cause the defects. [12] [13] [14] [15] Also most of the argon gas ascends near the nozzle and blowhole defects might occur. [12] [13] [14] In order to control the molten steel flow and decrease the defects on the slab, many types of magnetic field imposing systems on the molten steel have been developed. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Some of them are aimed at stabilizing the molten steel flow and the meniscus fluctuation to prevent powder entrapments. Some of them are aimed at activating the molten steel flow to keep proper temperature at the meniscus or wash inclusions off near the solidification front.
The Electromagnetic Level Accelerator/Level Stabilizer (EMLA/LS) [26] [27] [28] [29] has been developed to accelerate/stabilize the molten steel flow from the nozzle. Schematic diagram of the EMLA/LS system is shown in Fig. 1 . The EMLA/LS installation is composed of a pair of device that faces across the mold from each other. One device has some small coils side by side. An electric current flows in a coil with a cer- (Received on March 26, 2007 ; accepted on May 8, 2007 ) In a continuous casting process, magnetic coil has been applied to the molten steel flow control in a mold. Some of the magnetic coils are applied to stabilize the molten steel flow and the meniscus fluctuation to prevent powder entrapments. Others are applied to activate the molten steel flow to keep proper temperature at the meniscus or wash inclusions off near the solidification front. The Electromagnetic Level Accelerator (EMLA) has been developed to accelerate the molten steel flow from the nozzle in order to carry the molten steel to the narrow side of the mold when the casting speed is low or the mold width is wide. It applies low frequency alternating magnetic field moving from the nozzle to the narrow side of the mold just below the nozzle exits, because the electromagnetic force acts on the molten steel in the same direction as the magnetic field moving. In this study, the effect of the EMLA on the molten steel flow is investigated. Numerical simulation of the molten steel flow was carried out. The molten steel flow velocity measurement was also conducted in operation.
Applying the EMLA, the molten steel flow is accelerated proportional to the imposed magnetic field. The molten steel flow from the nozzle can be controlled to reach the narrow side of the mold. Therefore, the risk of the extraordinary temperature drop at the mold corner of the meniscus decreases and the capture of the inclusions into the solidification shell that causes the surface defects is avoidable.
KEY WORDS: continuous casting; mold; quality control; simulation; molten steel flow; argon gas; electromagnetic force.
tain different phase of the next coil. Therefore, the magnetic field directs parallel to the narrow side of the mold wall and a magnetic pole moves along the long side of the mold wall. It is expected that the main direction of the electromagnetic force is same as the direction in which the magnetic field moves. In the EMLA mode, as the magnetic pole moves from the nozzle to the narrow side of the mold, the molten steel flow from the nozzle to the narrow side is accelerated. In the EMLS mode, as the magnetic pole moves from the narrow side of the mold to the nozzle, the molten steel flow from the nozzle to the narrow side is stabilized.
The effect of the EMLS was discussed in the previously paper. 28) Because the casting speed has been increased year by year for high productivity, a great deal of effort has been put into stabilizing the molten steel flow. However, there are still low casting speed machines and even if it is a high speed casting machine, casting speed has to be decreased at the beginning, the ending and during the ladle change of the casting. Therefore, the effect of the EMLA on the molten steel flow in a mold is discussed in this paper. The meniscus flow velocity was measured in operation. In order to know the molten steel flow pattern in a mold, numerical simulation was carried out under the EMLA with argon gas bubbling. The result of the EMLA is compared to the one of the EMLS appropriately.
Middle Casting Speed Case

Method
Casting Conditions
The casting conditions listed in Table 1 is considered as a middle casting speed case. The mold cavity is 1 550 mmϫ220 mm. The casting speed is 1.6 m/min. The submerged entry nozzle is located at the center of the mold and has two exit ports. The nozzle configuration is shown in Fig. 2 . The upper edge of the nozzle exit port is 236 mm below the meniscus. The center of the EMLA/LS device is located at 350 mm from the meniscus, where it is just below the nozzle exit. The EMLA/LS device generates a 1 Hz-alternating magnetic field that moves from the mold center to the narrow side of the mold or vice versa. One example of the magnetic filed distribution along the mold width at the mold center-thickness and the coil center-depth is shown in Fig. 3 .
Velocity Measurement Method
The horizontal molten steel flow velocity just under the meniscus referred to as "surface velocity", was measured to evaluate the effect of the EMLA. An immersed bar was used for the measurement. [26] [27] [28] One edge of the immersed bar was supported. The angle of the inclination of the bar by the molten steel flow was measured. From the moment balance around the pivot of the bar, the angle was converted to the velocity magnitude. The measurement was performed at 200 mm from the narrow side of the mold for different imposed magnetic field intensity.
Calculation Method
In a numerical simulation, the calculation method is followed the previous paper.
28 ) The details can be referred to it. The molten steel is assumed to be incompressible and isothermal. The mass conservation equation and the momentum conservation equation including the term of the momentum from the argon gas bubble to the molten steel and the electromagnetic force are solved. As the Reynolds number estimated based on the dimensions of the submerged entry nozzle exit, is the order of 10 5 , the effect of turbulence is taken into account. The standard two-equation k-e model is adopted. These basic equations are solved by the means of a 3-dimensional finite volume method. The boundary wall in the mold is assumed to be hydrodynamically non-slip. A widely used wall function that was proposed by Launder and Spalding 30) is adopted. The boundary wall at the free surface is assumed to be free slip. As for argon gas, it is assumed to be incompressible and isothermal. The bubble shape is assumed to be spherical. The change in bubble size is not considered, so the effect of coalescence and breakup is neglected. The Discrete Phase Model (DPM) 31) is used to consider the argon gas behavior for the reason of a light computational load 32) even when the particle size distribution is set. Argon gas momentum equation includes the terms of the inertia, the hydrodynamic drag, the force of gravity, the force required to accelerate the molten steel surrounding the bubble and the force due to the pressure gradient in the molten steel. In the DPM, the trajectories of some representative bubbles allotted the mass flow rate are solved. Computing the argon gas trajectories, the momentum change of all the bubbles, which pass through the control volume, is summed and incorporated in the molten steel flow calculation. This twoway coupling is accomplished by alternating the argon gas bubble calculation with the molten steel flow calculation. Due to the difficulty of the calculation convergence, the effect of the turbulence is neglected when the argon gas trajectory is calculated.
Argon gas volume is assumed to inflate by 6 times in the molten steel due to thermal expansion. 33) Same as a previous paper, the Rosin-Rammler size distribution 28) is assumed. The minimum bubble diameter is set at 100 mm, the maximum bubble diameter is 5 mm, the representative bubble diameter is 2 mm and the spread parameter is 2.
As for electromagnetic analysis, 34, 35) the magnetic field at the boundary is given by the calculated value in advance. Then, the magnetic field inside the mold is calculated including the effect of molten steel flow velocity. The magnetic permeability is assumed to be isotropic and constant (1.257ϫ10 6 [H/m]). The volume average of the molten steel electrical conductivity (7.14ϫ10 5 [1/W m]) and argon gas electrical conductivity (Ϸ0 [1/W m]) is used. The induced current is calculated from the magnetic fields inside the mold. Then, the electromagnetic force is calculated and summed to the external force term of the flow momentum equation.
At first, steady state calculation is performed without imposing a magnetic field. Then, time-dependent calculation is carried out with imposing an alternating magnetic field. In the past study for investigating the EMLS effect, the result that the time step was 0.1 s was compared to the one of 0.025 s, and the results were similar to each other. Therefore, the time step is decided to be 0.1 s. An imposed magnetic filed is interpolated and the electromagnetic force is incorporated in a flow calculation at the same intervals. The molten steel flow fluctuates during one period, i.e. 1.0 s, however the fluctuation is small when the whole molten steel flow pattern in a mold is discussed. In this study, the effect of the EMLA on the molten steel flow pattern is discussed and the molten steel flow fluctuation is not discussed. The calculation is carried on and when the flow becomes stable, the result is evaluated as a quasi-steady state.
Result
2.2.1. Calculated Molten Steel and Argon Gas Flow Pattern The molten steel flow velocity vectors at the centerthickness and argon gas trajectories are shown in Fig. 4 . The pictures are large-scaled in the upper half and right side of the whole calculation region. In this case, the magnetic field is not imposed. Mainly the molten steel from the nozzle goes to the narrow side of the mold, and brunches at the mold wall. Then at the meniscus, molten steel flows from the narrow side of the mold to the nozzle. However some of the molten steel from the nozzle goes up around the nozzle due to the ascending the argon gas bubble. Figure 5 shows the results when the 0.038 T magnetic field is imposed in the EMLS mode. The molten steel flow jet is bent downward due to the electromagnetic force. In the upper part of the mold, the molten steel flow is calmly stabilized. The argon gas floatation is concentrated around the nozzle.
The result when the 0.050 T magnetic field is imposed in the EMLA mode is shown in Fig. 6 . Some of the molten steel is still deflected upward by the floating argon gas around the nozzle. However, as the electromagnetic force accelerates the molten steel flow from the nozzle, argon gas bubbles are dispersed over the mold width.
Surface Velocity
Both measured surface velocity and calculated surface velocity against the imposed magnetic field are shown in Fig. 7 . Surface velocities at 200 mm from the narrow side of the mold are plotted. Positive imposed magnetic field indicates the EMLA mode and negative imposed magnetic field indicates the EMLS mode on the horizontal axis. Positive velocity indicates the flow in a direction toward the nozzle and vice versa on the vertical axis. When the magnetic field is imposed with the EMLS mode, the surface velocity is reduced according to the intensity of the magnetic field. On the other hand, when the magnetic field is imposed with the EMLA mode, the surface velocity is increased according to the intensity of the magnetic field. It can be seen that the simulation result is in good agreement with the measured one.
Accelerating Effect of EMLA Magnetic Field with
Argon Gas to Surface Flow In general, it is expected that the magnetic force due to the moving magnetic field is proportional to the square of the imposed magnetic field and the molten steel flow velocity is proportional to the imposed magnetic field. However, it was shown in the previous paper [26] [27] [28] that the molten steel flow velocity with the EMLS is proportional to the fourth power of the imposed magnetic field because the ascending argon gas near the nozzle helps the braking effect of the EMLS on the molten steel flow.
In order to investigate the accelerating effect of the EMLA, the increment in the surface velocity DvϭvϪv 0 is introduced on the vertical axis in Fig. 7 instead of the surface velocity v, where v 0 is the surface velocity at 0 T. The increment in the surface velocity can be formularized in Eq. (1), where B is the imposed magnetic field, a and n are the experimental coefficients. The regressive equation corresponded to the Eq. (1) is calculated, then aϭ3.63 and nϭ1.37 are decided. As n is the intermediate value between 1 and 2, the result of the EMLA in Fig. 7 is redrawn using B in Fig. 8 , B 2 in Fig. 9 and B 4 in Fig. 10 as a reference. In the EMLA mode, the accelerating effect is well expressed by B. Expression of the accelerating effect by B 2 is also practically acceptable, but the accelerating effect cannot express with B 4 contrary to the case of the EMLS. Table 2 is considered as a low casting speed case. The mold cavity is 1 800ϫ 230 mm. The casting speed is 0.9 m/min. The submerged entry nozzle is located at the center of the mold and has two exit ports. The nozzle configuration is shown in Fig. 11 . The upper edge of the nozzle exit port is 229 mm below the free surface. The center of the EMLA/LS device is located at 400 mm from the free surface, where it is just below the nozzle exit. The EMLA device generates a 1 Hz-alternating magnetic field that moves from the mold center to the narrow side of the mold.
Velocity Measurement Method
The surface velocity was measured same as Chap. 2. In this case, the measurement was performed at 1/4 mold width for different imposed magnetic field intensity.
Calculation Method
To deal with argon gas behavior, two different methods were used. One is the DPM same as Chap. 2. The other is the Algebraic Slip Model(ASM).
The ASM is introduced by M. Manninen et al. 36) and the details can be referred to it. The ASM uses the concept of slip velocities and models two phases (molten steel and argon gas) moving at different velocities. It still uses a single-fluid approach and solves the momentum and continuity equations for the mixture, the volume fraction equations for the secondary phases, and algebraic expressions for the relative velocities. The molten steel and argon gas are treated mathematically as interpenetrating continua. As the volume of a phase cannot occupy the other, the sum of the molten steel volume fraction and the argon gas volume fraction is equal to one. As the ASM solves a smaller number of variables than full multiphase model, it is selected in the paper. If the argon gas size distribution is set when the ASM is used, computational load will be heavy. Therefore, the argon gas bubble size for the ASM is assumed to be constant at 2 mm same as the representative bubble diameter of the DPM.
Treatment of the electromagnetic force is same as the method in Chap. 2. The time step of the calculation is 0.01 s. tend to increase according to the intensity of the imposed magnetic field, but there are some quantitative discrepancies between them. In the measurement, when the imposed magnetic field is small, increment in the surface velocity is not found. As some rising gas bubbles around the submerged entry nozzle were observed from the top of the tundish during the casting operation, some amount of the argon gas would escape from the nozzle to the tundish and not all the argon gas bubbles would be supplied to the mold. The calculated argon gas trajectories are traced and it is found that some argon gas bubbles are trapped at the meniscus, the others remain in the mold, and any argon gas bubbles do not ascend in the nozzle and escape from the top of the nozzle. Thus, in this calculation, it is difficult to simulate the high concentration of the argon gas exactly and removal of the argon gas from the submerged entry nozzle to the upward. In the next section, another trial using the ASM is performed to deal with the escaped argon gas from the top of the nozzle and the result is discussed.
Molten Steel Flow Pattern Calculated by the ASM
In Fig. 13 , the computational geometry for the ASM is shown. The top face of the submerged entry nozzle is separated into two faces. One is set at velocity inlet for molten steel and argon gas supply and the other is set at pressure outlet to simulate the escaped argon gas from the nozzle.
The molten steel flow velocities are shown in Fig. 14 . When the magnetic field is not imposed, molten steel flow form the nozzle is localized around the nozzle and does not reach the narrow side of the mold. It is obviously the single roll flow pattern. [12] [13] [14] When 0.045 T magnetic field is imposed, although the molten steel flow is accelerated toward the narrow side of the mold, the molten steel flow going up to the surface with ascending argon gas near the nozzle is still dominant. Under the magnetic field of 0.222 T, the upstream of the molten steel due to the floating argon gas close to the nozzle is not clear. Instead, the molten steel flow from the nozzle goes straight to the narrow side of the mold. The molten steel flow in a mold is changed to the double roll flow pattern and similar to the one of the high casting speed case. 12, 13) 3.2.3. Surface Velocity Calculated by the ASM Both measured surface velocity and calculated surface velocity by the ASM against the imposed magnetic field are shown in Fig. 15 . Similar to the measured surface velocity, the calculated surface velocity by the ASM does not increase when the imposed magnetic field is small and the calculated surface velocity fits the measured data.
Side view of the molten steel flow velocities and argon gas contours around the nozzle port at 0 T is shown in Fig.  16 . The area of high argon gas volume fraction is shown with dark color. The molten steel and argon gas come from the top to the bottom in the half of the inside nozzle. Argon gas ascends in the rest half of the inside nozzle. It is investigated that how much argon gas escapes from the nozzle to the upward. Escaped argon gas ratio to the supplied argon gas is shown in Fig. 17 . Escaped argon gas ratio is increased with an intensity of the imposed magnetic field and saturates around 0.1 T eventually. The reason why the surface velocity is not increased under a small magnetic field is considered that argon gas escapes from the nozzle to the upward as balanced against the molten steel flow inertial and the electromagnetic force. This calculation trial succeeds in simulating the escaped argon gas and estimating the molten steel flow properly even when the imposed magnetic field is small.
Accelerating Effect of EMLA Magnetic Field with
Argon Gas to Surface Flow As it is expected that increment in the surface velocity is proportional to the imposed magnetic field, the regression line is calculated and shown in Fig. 15 . From the regression line, when the surface velocity is zero, the imposed magnetic field is 0.03 T. Therefore it can be estimated that the imposed magnetic field has to be larger than 0.03 T in order to accelerate the surface velocity. When the imposed magnetic field is larger than 0.03 T, the accelerating effect is well expressed by the imposed magnetic field.
Conclusion
The molten steel flow in a mold was investigated experimentally and numerically when the magnetic field was imposed in the EMLA mode with the argon gas bubbling. From the results, the following conclusions were obtained.
(1) The surface velocity is increased in the EMLA mode proportional to the imposed magnetic field, although the surface velocity is decreased in the EMLS mode proportional to the fourth power of the imposed magnetic field. The surface velocity can be estimated from the simple function of the imposed magnetic field and controlled flexibly. Then the dynamic surface velocity control with the EMLA/LS system is well practicable in operation.
(2) Applying the EMLA, it can be controlled that the molten steel flow from the nozzle reaches the narrow side of the mold and argon gas floatation is also dispersed to the narrow side of the mold. The surface velocity can be increased up to the level of the high casting speed case. Consequently, it is expected that the risk of the extraordinary temperature drop at the mold corner of the meniscus decreases and the capture of the inclusions into the solidification shell that causes the surface defects is avoidable.
(3) When the molten steel throughput is more than about 3.0 ton/min, the escaped argon gas to the tundish is negligible. On the other hand, when the molten steel throughput is less than about 3.0 ton/min, the escaped argon gas has to be considered in a simulation.
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